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(54) Apparatus and method for matching the response of microphones in magnitude and phase 



(57) An apparatus is provided for matching the re- 
sponse of a pair of microphones. The two microphones 
provide a first and second output, respectively, in re- 
sponse to an audible input. The microphone outputs are 
subtract from each other to produce a gain control out- 
put for operably controlling the gain of the first micro- 
phone output, resulting in a gain compensated micro- 
phone output. A phase adjustment circuit also is provid- 
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ed responsive to the gain compensated microphone 
output and a rolloff control output for producing a match- 
ing output. The rolloff control output is generated by a 
phase difference subtractor circuit responsive to both 
the matching output and the second microphone output. 
Moreover, the output of at least one of the microphbnes 
has a resonance frequency that is shifted to a desired 
preselected frequency. 
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Description 

Related Applications ~' ' '" ' / 

[0001]' This Application claims the. benefit o1 U S. Pro- 
visional Application Isib.' 60/697, §'26, "filed August 25, 
1998. .. .; 



herein. The f requency:/espanse shown in FIGURES 1 
and 2 is characteristic .of, rnany elect ret microphone de- 
signs used, in devices such as hearing aids. Mathemat- 
ically, the.responsecan generally be represented as: 

M(o>). = .M 0 L(<i>)hl(<o) 7 - 



Techhical Field ' ~' ' _ *\ 

[0002] The present invention generally relates to de-„ 
vices foY matching 'outputs of a pair of microphones, and f 
in particular to &h apparatus arid a method that cornpen- V 
sates tor variations in the sensitivity, low f requency rol-/ 
Joff, 1 a'rtd'regbnarfce peak' of at least one , of the micro-' , 
phones. t ! 

Background of the Invention 



where 
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Lfcoj. models the low. frequency rolloff, and 
H(coirnode!s^the mid and high frequency behavior, 
jncluding the diaphragm resonance. 



[0007]. . TheassunnptiQn that the microphone. response 
can be separated in this way makes the analysis much 
sirnp le r without introd uc ing a s ignjf (cant, ^er mj p for most 
actual rrjicrophpne responses, used for directional hear- 
.. in ig_ aicjs an djhe | ike . 1 1. works we I il t for any. m ic rophon e 
2p ^ whose low Jrequehcyrolioff is separated, in. frequency 
. d ; f f-9JQ. R s , diaph ragni .., resonance. (The. . so-called "ski 
( k fjbpe" microphone responses are not of this variety and 
would require a. diff erent .analysis; but they. are not well 
J l . surtedjpr .use jn devices such. as directional hearing 
2S aids.) . ( : \ ^ V . .' .' , \ " ". 

..ltPP9?3* The l,p\y frequency rolloff is approximated as a 
single^ppfe fjlte/: , ,,".. r . .--v 



■ [0003] Hearing aids for providing a user selectable dP ^ 
rectional "response have'become quite popular in the _ 
marketplace. In' a npisy environment, the user of such " 
ah aid can select the directional pattern'and thus elirni- 5 . r 
n£te some of the noise corning f rorh "the rear. This^can 

' 'increase the signal to noise level enough to improve the. 
intelligibility of speech qriginating.frornjhe forward di-^ 

Wedtibrf. In 1 a quiet environment, the user would normally / " J 

! j switch to the' npndirectional pattern in favor of its better / t 

; ' perforrhahce \ri quiet" ■ " '' s \ 

[0004] One way to achieve a directional response in" 3d 
a hearing aid is to use two omni direct ion al microphones, 
and to combine their electrical sigiYals to : fo'rrhthe direc- 
tional beam. Compared to the use of a directional mi- 
crophone, the Dual Omni approach' has^sorrife advan- 
tages. Ho'weverfit aiso carries the* requirement that the 35 
: response of Ihe two r #icrophories r '/be <J accurately 
■matcHed in maghitude ;ahd phase; The matching must' ^ 

accuse thrciu di- : " ^ ^ '? , 

^feptionalft^ is ^feeded, arid^ v '" 

" : Woughoutthe1ife; of the 40 . , i - ™- + / 

; 'in-' m I fcrophorl e manuf afctU ring* do not provide "a c lose^ / '[ '[ ^ ^ ' W'S . , , . \ ^ . 
^ en'oUgft' maitehi 6V mos{ ^pii^ipns:". '[ 1 r:i [ " . 

- [0005] Often it has beefi neces'sanytb specially meas- r rtt . . where co r is the corner diaphragrn.resonance frequency 
ure and select the microphones for use in a paured r ap-/ ~ . ^d'Gjs th^mebh resonance, 
plication. The ^ present invehtic>n-presents ; an apparatus [0009] J ^ariatiphs r 'i^\p^ the re- 

and method of compensation for the variations in micro- sponse of ah indtvidua,! microphone to vary in several 



where co, is the corner frequency for the low, frequency 
rolloff. The higher f requency~behavibr is approximated 



phohepeftG'rr nance one 
or both of the microphones i to achieve the necessary 
match Mn r response ^ for directional processing. The^ re- 
sponse of the circuHc'ainbW "tuned" to each microphone 



ie ! finai stages' 6f mahUfa^bturinQ; as a p'arf of the f'W 
tm ! g pofchesr autorh^ ^erio^fc:foiiow- 
°up visit if the<bharacteVisU have 
''ch&n^edl e " ^ " * v 

■ The 'Mic rophon e Model : J; " & v. ' v * : ' i U 

[0006] A simple model for a micrbphohe 1 assumed 



^ ways f rorh, this nominal response: I) The sensitivity level 
A^of the entire curve may shift to higher or lower values 
diie' 'to variations in eiectret charge or diaphragm stiff- 
ness; _2). The corner frequency co y of the low frequency 
, W- ~' JptySfil *P a y m Pve to a higher or lower frequency due to 
' variation in the size of the barometric relief hole in the 
diaphragm; and 3) The frequency o> f of the resonance 
peaK rjiay, sh ift to a hi gh e r or I owe r ya.l u e clu to variation 
S£ v in \ the 'Biaphragrn" .tension or other asaem-bly details. 
EacH of these changes has a difjere.nt innp^cXon the abil- 
ity to obtain an aqlegu^ate . matcfif or directional p rocess- 
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[0010] The phase error caused by differences in to, 
and ff> r can be se"eri >ii Fl SCIRE 3. This shows the phase 
difference between : tHe tWo" microphone outputs when 
there is a 10% shifHnthe low frequency rolloff and a 
10% shift in the resonance frequency 

Summary of the invention . * 

[0011] The present invention provides for matching 
the response ot a pair of microphones. ' ' * 
[0012] The structure embodying the present invention 
Ts especially suitable for providing directional response. ' 

; The invention provides forcornpensating for gain differ- 1 
ences between the pair of microphones! "Also, the inven- : 
tion compensates for shifts in the low frequency ./olloff 
'arid resonance Ire^uehcy-bfat feast orfe ot fhe micro- 

->hoheS:" *™ r:-t.^> r.or. ' ■ 

flOOT3] ! 't-^ 

' ~ incTutteVa and 
ri a secoh^'oUl^ift, 'TeV^ectivefy! irV reipbrf&to^n audible 20 
"sound. Themicrophbne dvK^X^f'B%{hm6i from each ' " "~ , 
r other taV r ^uce a r gaSh contrbl output that bperably con^ ! ' : n \ " 
' } trols the gain oHheiir^ in ' 

a gain compensated microphone output. AlsoTa phase n 
; adjustment circuit responsive to both the gain compen- "* '2S" 
sated microphone output and a rolfoff control ^utput is' 
provided to produce a matbH con- ; r " '[ ' "' 

trol output is generated by a phaSeflifteriel&g^ubtractor ^ ^ ' 
circuit responsive to both the matching output and the" " *' 
second microphone output. Moreover, a resonance Jre- 30 



partially in block form, of an automated compensa- 
tion system to equal both the midband sensitivity 
and the low frequency roll off pt a , microphone; 
FIGURE 7 is a plurality olsimplifiedielectrical circuit 
diagrams,. partially in block form, of various circuits 
for shifting the. low frequency roll off.bf a microphone 
output; 

FIGURE 8 is a plurality of simplified electrical circuit 
diagram, partially in block form, of, various circuits 
for shifting the resonance frequency' of ' a micro- 
phone output; , 

FIGURE 9 is a sirnplified electrical circuit diagram, 
partially in" block' form, of a circuit to shift the reso- 
' nance frequency of a microphone output; 
FIG U RE i tfis a plu rajity of graphs.dep ictin g th e pat- 
tern variations between a pair of matched micro- 
phones at 500Hz with ±10% variation in low fre- 
quency rolloff frequency at $0H£; 
FIGURE 11 is "a plurality of graphs illustrating the 
pattern variations between a pair of matched micro- 
phones at 300^2 with ±i 0% variation, in low fre- 
quency rolloff f requency at_50Hz; . 
FIGURE 12 is a simplified ejectricaTcircujt diagram, 
"partially^in block for^pf another circ^u it fpr shifting the 
low frequency rqfloff of a, pair of microphone out- 
putsfand . " ~" \ in . \ ' J;^. n: 
FIG URE. 1 3 is a plurality of graphs showing the im- 
provement ih/directioi^gl|ty^tnat is available with 
compensation, even when tf?e compensation is im- 
perfect. f , " *' 



quency shifttnjgxircuit is provided, response to the but- 
put of at leastone microphone, to compensate for shift-^ '/ Detailed Description ; . ,[ t V . 
ing the resonance frequency of the microphone output " V\ f r " ./ ( . \. 

, „ c . . e . , , r tPPI S] ; yVhile this invention is^s 

Brief Description of the t)rawih£is J ^ * ±' m _ * . 1*^, rfjentVln ."marjy;. different forms, .there Js .shown in the 

" : ' : : - 1 ' .... , . -• ^^^^j^Q^^j^jf'y^jj^ hereip^.be de3chl3e.d iri cletait a pre- 



[0014] In the accompanying drawings that form part J 
of the specification, and in which like numerals are em- 
ployed to designat^like parts ; throughout the same, 



- t .. , ( ^ ~. f e l .red erriSpdirnVnt ojf th.e invention with the. understand- 
: V, . a lin&that.tHe gfp$$ril disclosure ts ; to be considered as an 
r9* e w\$Q icatjpn of the principb^s of the indention and is 
» . -.-V , v \^'f&yno\ ihiende^tpjimflj.he b.^pl^spe^tpf\^e invention to 
FIGURg i is a graph of the magnitude response of ^ : ' the ^ ernfepbiments jjlustrat.ecir jhe pro- 
a simplified microphone model over a frequency' ""' ' ° - - - -v — 



Vides ah apparatus and i^^hod^for^iT^tcl^pg the re- 
; , , - r, , v sponse,of, rnicrbph^ 

2 is'a 'gfaph bf th^ 

iplif jed k mic J roVhone mbdel u'se^jn% jGURE Bornper 



range; 
FIGURE 
' 7 ^amesim'prifiedmic'ro^h 

- l i over the satfie frequendy raHg^; 
' FIGURE 3 fe^a 1 grapfi' of the phas^e ajfference be- " 
11 tweeh 'two ntibrophon^s m with T 'd^ fre-^ ..T 

quencies for low frequency rolloff and different res- * 
onance peak frequencies; 1 k ,1 _ 56 

Fl GU RE 4 is a' simplified lelect rical cjfcyit". diagram, J \^\ 
" ' partially in block form, of a method to compensate *' ' 
for variations in miWand' sensitivity between two 
micrbphbnes; ; ' ^ S 
^FIGURE 5 is'a'simpiified^ 
^ "^rtfialiy i^h block forrh, of a circuit to shift the low 
J frequency Voflbff of a micrQphbne bqtp'utj " . 
' * FIGURE 6 ts'a' simplified' electrical circuit diagram, 



_, ? u secjjn ffi G U R E „ t ^ Compensating foe Gain Differences . 



ss 



,^[0016]'" Trx^prp'sent invent ion. inciyd^s.Qpmpensation 
^Vo'equ^iiz^ihe. rTiidban^ 

r ment, suc^as for a hearing aid, tr|is. ; car» be done either 
'^jn_a sound box or in the, sou nci,fi eld of.a/pqo^..Alterna- 
i{ 'rtiyQlj6 f jf can be dope as r a.tLn^I a^pJn tfee manufacturing 
'\prgceis, durjhg the^ < pttirpp^^cess L .orps-a.^un.e up" dur- 
' jpcj penpdj^ e frequency con- 

tent of the acoustic tesj: r signaLus.ec(lo.ec^ the mid- 
band is confined to the flat portion of the sensitivity 
curve, which is generally near, t t kjH2. c Fqr\ example, an 
appropriate signal would' be a ohe-lfiirb^bctave noise 
. ^anpj centerjed at 1. kHz. r % cr . ;: A ■.'.;o(>:V* 
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• [0017] In analog circuitry the'ga in adjustment can be 
^implemented with a simple trimmer^a 'adjust the gain.- 
In a device^ such as a programmable 'hearing aid, trie 
' gain value <cari be stored in memory and Implemented 
in a programmable resistor. Each of these : can also pro- 
vide for periodic recalibration in the office of an audiol- ' 
■■■ - ogist.- . t ■ : v^w k< \ ■ i: 

[0018] in ah embodiment ;*a very slow acting auto-' 
matic gairi control (^AGC W ) operates on the output of one * 
microphone to match its-output to the level of the other." • 
A blbck diagram 10 of such a system is shown in FIG- 
: ' 1 -URE 4. The system can be mounted, for example, withirr 

- 'a hearing aid housing'and includes a front microphone " 
12 and a rear microphone 14 having respective outputs 
responsive to an audible input. A subtracter circuit 1 6 is 
provided c-esponsive.to the. f ront microphone output and' 
the rear microphone output for producing a gain control 
^output 18; In response to the front microphone output 
-and the gain' control output 1 8, circuit ed 1 produces a gain 

•t. compensated microphone output. ,: ' ' ot 
[0019] More particularly, the signal from each micro- 
phone 1 2, 1 4 is buffered and processed through a band- < - 
pass filter ("BPF") 22,24 with, a center frequency of ap- 
proximately 1 kHz. Each filtered signal is sent through J 
an energy detector, such as an R MS detector 26, 2£ and" ^s' 
-'then a low? pass fiiter30,32. ? At this point, the signals ■ 
' 'represent the time average&f the -sitjnal energy in each - ' 
■ ^channel; These level estimates are subtracted by circuit : 
-16 to provide -signal 18 propbrtiohartd the level differ- 
ence between the micr6pTione"channeis';This difference : 
level is used to adjust the gain in one channel fo better' 
match the level of the other signal. 
[0020] If the microphones 1 2, 14 were exactly' 
matched in sensitivity, then the energy estimates would" 
be equal.: ; Aecordingly, the subtraction would give a zero 1 
output, and the compensating gain would remain un-^ ? x ' : 
changed. If the microphone sensitivity were to change/ 1 
r then* art error-signal would be ; geheratediatHrte output !je : * v 

- - T8 of the: subtraction circuitry; 16, and r that' error signal- r i ' 

: Would change -the gain in one channel to bring fthe r two~ r ~40' 
?chafinels:to-equal output levels, ^ilzic?^. X v ?i ?,» 

^. [0021J ^Preferably, the-t;rne t;onctaht of'fhe'AGC loop ;uc " 
is long compared to the acoustic time delay between the n : - ■ ^ 
signals Irom the two microphones, and long compared ; 1:3 
to the variability in level of speech. For example, irVan 7 
embpdimeqt-a time constant of 250 ms or greater can - :i 
be used. v iV 



' 30 
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th e low f req uen cy rol loff be below 1 00 Hz . Th is' has other 
disadvantages, hbyvever. The low frequency response 
allocs significant low frequency acoustic noise from the 
environment to enter the microphone' electronics. In 
some : situations, this noise may saturate the, low-level 
amplifiers. Oftce saturation qcfiursj eiectricai filters can 
no longer be 1 used to remove the^lbw frequency energy 
Abetter solution ijstdfDrovide an electrical compensation 
bircUtry to match the 1 phase of irie two. microphones so 

1 it is not necessary to use a Very bw rolloff frequency. 
[0023] " The' primary advantage that cornes with low 
frequency compensation is thatthe rolloff frequency can 

" be accurately "set at "a specific frequency in the range of 
'150 to 250 Hz. If the twb'micropliones are accurately 
matched after corfipensation, then good directionality is 
available throughout the low frequency range, and low 
frequency environmental noise wilj not corrupt the sig- 

-'rials. 1 
[0024] If a microphone ha~s af tbw frequency corner fre- 

1 quency of o3/, but the" desired frequ^hcy"is w^then the 

' transfer function or the compensation 1 circuitry needed 
b shift the rolloff is: ! ' 



1 */ 



(0 



Comp(to) = 



*d 1 + yi 



[0Q2fe] THe circuit of FIGuNfe . 5 has'the ifbllowing 
transf^t function ; * * c : : : ." ~" 



D ~ '1 +70) ^ C 



[0026] '* Except for the minus sign, f^/can'be made 
equivaleWt to &6mp(<£>)\\: : ~ ' 



and- 



Compehsatirig for Low Frequency Rolloff 

[0022] As previously indicated, it is desirable to match 
vthe low; frequency .iiolloff'bf' the r twd hlicropHones be- 
cause phase^eirors at low Irequehcies are 1 especially 
> Jikely to degr ade the directionality: FIGURE 3 shows that 

the phase error extends an octave* or mora above' the 
..corner frequency. In-order to maintain gocb'-'aireetional- 

ity below 500 iHzrwitb microphones noFhavirig accurate- 

Jy ;matched rolloff frequencies;^ is- advantageous that 



set 



^£5 



- p)027] In the above equations and FIGURE 5, C can 
be choserrarbitra'rily, and Rj can be chosen independ- 
ently^ :o set-fhe high frequency gain of the ribtwork. The 
circuit 34 7 Withih FIGURE 5 works only if to^ is 'less that 

r (oj, in other wordsHhe cbmpens^itiottbircuit 34' ban be 
used to* tower' tMe rdtlbff frequency,' but not to raise it. 
Circuit S4 is only 6he : example of rnahy v! fhat can com- 
pensate the phase "of a microphone. Other examples are 
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[0028] 1 n general," t he? .Qjfcjjjt 34 incl udes an. inp ut ter- 
' minal 36, for receiving an outp.uifrorri a hearing aid mi 7 
' crophbne.or the^iikeVand an. amplifier 38. haying an in- 
serting input'and.an output. Connected to the output of 
tjie.ampjijier.3§ arid, the invertingVinput is 3 feedback , 
circuit jha;t ipcludes a. f ee 40 re- 

sponsive tp a rpllpff^coptroi input. Further, a gain control 
'circuit* 42 js pperably connected between, the input ter^ . 
minaL36 and the inverting inp_ut.pf' the .amplifier 38 for 
adjusting the gain of the microphone output. 
' ' [0029] Circuit^ carf be used .in a compensation sys- , 
, tern in the following way: Trje corner frequencies for low . 
frequency rolloff for both of thelvyo microphones are first, 
measured. Then, the compensation, circuit is applied to, 
. ' the microphone with the higher corner frequency to 
match it tqfrjiVmjcrophone .wU^ (owe r frequency rol- 
loff. As an alternative, the microphones can be .specified 
. wrth a ro.lloff frequency that is .slightly higher than the 
_ r desired value jnjhe final device such as.a hearing aid. 
[ t The, pomp e^sYtiori circuit can be applieclto both micro- -_, r 
phones to match their rollofLto.the desired frequency, -. 
[0030] Measuring the rolloff frequencies of the two mi- 
crophones can effectively be accomplished in the above . 
embodiments by using the facilities of an acoustic test I f s 
box. As such, an automatedtest system can be used to ^ .. 
measure the frequency response of the two microti. 
phones and determine the component settings to ^, 
achieve an adequate phase match. 
t [0031]^ In an-alternative embodiment, ^automated 
method to perform the low frequency compensation is, : , c , 
shown in FIGURE 6 which also includes the magnitude 
compensator described above. The automated method, jX 
includes a front microphone 12 and a back microphone 
14 for producing. respective outputs in response to arv- 3f,, 
audible inputAFfesponsrve to the microphone outputs is. 
a gain difference subtractor circuit 16 for producing a ^.-,^ 
r gairv.cpntrof output, ^ gain cpntrpJxjreuit 42-Js^ovided^ lJC 
that, in response to the front micrpphone^PMtpyj and the^.^j ^ 
gain control output, produces a gain compensated m'\- ;V / 4 ^, 
crophone output 44. Phase adjustment circuit 34 is re- 
sponsive to the gain compensated microphone output ~ 0O i ~ 
44 and a rolloff control output 46 for producing a match- a - 
ing output 4B. The rolloff control output is generated by 
. a phase difference subtractor circuit 50 resgonsive to .--45 
the matching output 48 and the back microphone output. ^ ± 
[0032] In particular, the frequency compensation cir- 
cuit assures that the 50 Hz response of the two micro- 
phones is the same. As shown, the sensitivity of the front 
microphone 1 2 is modified to match that of the rear-mi- 
crophone J 4. Using the. magnitude compensated front 
^ .mjcrqphone signal, {he two signajs are again, fjlte red, 
" this t jane i.with a50,Hz center frequency, wj^e,re t 50 Hz is 
. ^ .assumed to be well below the How^tr.equency . colloff of 
. both microphone$ 1 2, 1 4* If the rolloff of : the, two micro- 
, .phones, weiiej^e.-s^rne, the,filtered/.qutput: qf the two 
, } channels wouldjiaye the same magnitude. Any differ- 
ence in the levels is an indicatton-that the rolloff frequen- 



cies ^rejdilfe rarity This difference is used to adjust the 
controlling, resistor value in the rolloff compensator cir- 
cuit 34.for the front microphone J 2. 
[0033] vOt^er ? exam pies of circuits that can be used to 
, .compensate the. response are shown inFIGURES 7and 

V' , StV : . ^ ~ " :U: ' ; ... 

[0034] The primary advantage that comes with low 
.frequency compensation -is -that the rolloff frequency 
, may not be .accurately-set at a specific frequency in the 
range. to 150 to £50 Hz-. If thertwo microphones are ac- 
curately matchec^atter^ppnp^nsatipn,, the^n <pod direc- 
tonality will be available; throughout the: low frequency 
. range, and low L frequepcy environmental np<se will not 
corrupt the signals. ) _f - ^ 

Compensating Shifts in Resonance-Frequency 

[0035]^, As stated above, the r&icrophone model is the 
product otth em id band sensitivity, the Ipwfrequjency rol- 
loff function and the high frequency resonance function, 

or . * . ; ■ vi 



30 . 



L'/ i: ^e - f. 5 .w i t r r '.. 

>t [0036] ^previously, methods of compensation;for vari- 
, ationse between microphones in jsensitivjty. and; low fre- 
quency rolloff have, been discussed- Compensation for 
;.jhe : shifts ,in the. resonance frequency fojlow.the same 
development. The form .of the high frequency response 
-is: • ■ . ■ ; - . . *a • .V 



CO ' - CO 

■ — 2 +; pjsr 



g)0Sg L: _ r Rpr4he. high : frequency behavior,:- if the micro- 
phona,riaa resonance -frequency oo^ -iand Q-value O r , 

j buf the^Jesjred, values for these parametecs are/co d and 
O d respectively, then the transf epf unction^ of^.the com- 

: p.ens.ation pHrcuitoeedad to shifUthe resonance'Jrequen- 



- <0 ,. CO 



so 



. CO 
-'CO, 



CO 



. S3 



,[Q038] - FIGURE 9 depicts,a circuit- 60 for microphone 
. r%£on$n qe f req u ency . sh ift com pensatron In general , 
v fhe circuit §0 includes an input terminal 62 fqr -receiving 
..a^^outpyV^pmannjcrophpne, and-an amplrfier 64 having 
.an-Jnverting.inputand an.putput/ Conrtected.to the out- 
pu} ^^e-arnplifier 64 ^ and the invert ing input' is^a feed- 
. bacK<circuit 66 that includes a resistor Rj ■ ar* inductor Lf, 
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and a that are connected to each other in parallel. 
Further; an input circuit 68 is opera biy connected be- 
tween the input temiinal62 and'trie inverting input of the 
amplifier64 for adjust ing.the gain of the circuit output 70. 
[0039]' It is to be understood that circ uit ?0 ah all other 
circuits presented herein are sfrripfifjed'and may have 
stability problems if implerfienteci exactly as shown. It'js 
assumed that the designer will add whatever compb-. 
nents necessary to assure stability. \ ' - 
[0040]' lt c can be shown that the circuit 60 of FIGURE .. 
9 has the following transfer f unction: 



10 



T(co) = - 



L f 1- co 2 Cc + jv* ^ 

I I ~ L f 
1-03 LPf+jcz-J 



■ [0041] The two above equations for H d (q>) and Qpmp h [ 
(o)) have the same form' (except for the minus signjfancl 1 
can be made equivalent by proper selection of the circuit 
T 1 values. To do this, the values of the ^feedback* compo : \ 
" r rienfs R f , L f f and C f are chosen to match 'the' desired res- t 
' '-' 'onance of the microphone, and" the values of the com-" 
ponents within the input circuit 68 are chosen to match 
the actual resonance. For accurate compensation, it is 

• - : 'desirable to match both' the resonance frequency and' 

the Q of the actual microphone response. The inductor 
values L and L f can' de fequ§Nf Unify gain is desired in 
J c i rcu it 60, or th ey can have d iff e rent val ues if des ired to" 
• adjust the Qain. r Otherwise the inductor values L and Lf „ 
can be chosen arbitrarily: Moreover, the value of one re- ~ 
-active component dan- be chosen Arbitrarily. 
4[Gu42] c As wilF be 'appreciated having skill in;'; 

the art, other circuits that can bV used to compensate ;, 
: - fhe high frequency response such as, for example,'^ 
" those Ksh'oWh'h^lGUFiE 8?Each of 'these circuits would 
^ ■^be i empfoyed witffa different strategy tocompensate the" 1 ' 
different responses between two rnicraphones. . 

t r v A Practical Example - Low Frequency Rolloff c 

x> ^cilCi er)i Qr ' ' : r* ' '■" . =3*" ^r-o&o 

[0043] In an example, assume that t\vo microphones 

are used as a "matched* pair in a device such as a.di- 

rectionalfiearirtg : ald. The'microp 
' - st BearTf tha^feU'-cafSiofi in-th'e f refe field.' Trte directional 
'V { ' "p^ftSBQS -fc' fefnalri ^goScP'^oV 9f e"^u etici es down to at 

least 500 Hz, with good directionality as low as 300 Hz 
- as a goalf For this example, we concentrate on the low 

* 1 frequency ' behavior, and thus assume that the reso- 

••riShce ? -f n^ilencie^^a^&^luei for the 'two micro- " 
phones are identical. Further, ^ve assume that manufac- 
^ turihg tbleVlanc^oh'the ffiiarb|)ftbn^6^^8iich f that the ' 
■» : rotlbff frequency ca'h be c6ntrbiie^tcr :: wfth1i9i 10%. _ 
[0044] In this example, if we set the'nommal value for 
the rolloff to be 50 Hz, the patterns at 500 Hzare shown 
— *'- in :FIGUmE J -;0: This'shbwV^ pat- * 

" - : ^ 4 olrhsln^he 'worst case situatibh ! when J 6ne microphone 



'is 
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25 



30 
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has its rolloff shifted by +10% and the other microphone 
is shifted.by - 1 0%. : The,pattern.s. at 300 Hz areshown in 
Fl G U RE "1 17 The performance Is clearly unacceptable 
at this frequency as the second polar shifts entirely to 
the backward direction.. .'a. general rule^then, if the 
low frequency rolloff can only be -controlled ; to ± 1 0%, 
.then adequate. beam pattern , control can be achieved at 
. freqgepciesjhatare approximatelya decade above the 
" -rpligff "frequency. S*'' 
|p045] Npw r turning tp the,, imp royement; that can be 
achieved witji phase compensation as described here- 
in, .an objective is r to use response compensation to 
achieve', good, directivity at 500 .Hz. using microphones 
^ whose, ipwfrequency rpl (off, varies by±-1 0%1 rpm a norn- 
jnai yalue of 225 Hz. Another circuit 80- haying the cor- 
>f Vect response for compensation of a pair otmicrophones 
^. is shown in Rlf3JURE s 12..The strategy. is to cqmpensate 
^ eachjM t^ output 
'\ 64,85, respectively, whose Jpw frequency rolloff is at 250 
Hz~ regardless of the uncompensated rollpff frequency. 
. : . With sufficient resolution in the. t component values, this 
circuity 80' exactly compensates r the difference in re- 
sponses so that .their frequency responses are identical. 
"[0046] . in this e>fampie, in determining ; how much res- 
l olutjon is actgally : needed to aclpieve adequate ; direction- 
ajity, ft is a^s^jmed that. the .population of- microphones 
described above jncfudes, samples with rolloff. frequ en- 
bi s e^frpnn i apprpximatejy2C)0 Hzto250 Hz. For instance, 
five ^ compensatipn provided ; wbich exact- 

ly compensate theVesponse of microphones, whose rol- 
.,-lpff frequencies are at 205 Hz^215 ; Hz, 22v5 -Hz, 235 Hz, 
^ ^an^ 245^ Hz "with ^each microphone connected to the 
, cqmpen^atiofi circuit that most cJosely matches, its ac- 
^t^airojlqff frequency. Thus, the. maximum deviatipn from 
... ^ideai!" compensation js, ± 5, Hz or ±^214% in roljpff f re- 

: .£0O47], v F!p,UpE13 shows tl^e improvement that is 
.^yaijable iyilh^cp'mpeQsatiph^ even ^ep.Jfie cpmpen - 
, "satibp Qfr^ftipcX^Jhese pplars. are -calculated at 500 
•rHz^with rolloff -frequency at 250 Hz. 

In tne topjexa of FIGURE 13), the 

compensation is perfect In the other two polars (i.e., 
graphs B and C of FIGURE 13), the compensation is 
applied imperfectly; in each case, the microphones are 
compensated for a frequency that is in error by 5 Hz, 
and^the^error is in opposite directions for the two micro- 
phones. In graptis^B and C, the polars have reasonably 
good directivity even, at a frequency that is only an oc- 
tave above the (compensated) rolloff of the micro- 
phones. 

[0b48] The method described herein^for the compen- 
sation of Jow frequency rpslloff is practically useful and 
cap be implemented Jn the circuitry, inside the micro- 
phone if the circyft. values cari. be selected or trimmed 
to the proper ya i ues af te r th e rpic'rophqne is asse mb I ed . 
In such an embedment, it is pref erred that the low f re- 
quency rolloff be measured as a partpl,the final manu- 
facturing process/and the circuit elements trimmed to 
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the proper values for adequate compensation. 

A Practical Example- Resonance Frequency 
Compensation '*"'"■ ^ ^ 

[0049] As'a final example, an electrical circuit Is ex- 



2. The deyjce. of. Claim .1, further, comprising a band- 
pass .fitter operably connected between the first rni- 

1 prophbne .output . and'the : subtractor ci rcyit. 

3. '. Th'e devjce of ,Cjairp 2, f urther comprising a lowpass 
' filter, operably connected. between. the bandpass f il- 

tergnd the subtracter circuit. <,•'/,.■ 



- M ■ 



amined to compensate for a' 'man uf act uting variation in 

the resonance"^ requency of a' microphone. r Suppose in' 
" this example that i! a°hSicfophdhe has a desired reso- " " 4. 

nance frequency of 6000 Hz, buVlts; : ae^&t Resonance 
" frequency-'is'5°/i> : lower, or 5700 Hif' ' ft ci rc t/tf . 3 Trt FIGURE 
: - 8 is cHosen, which reduces the number hi reactive com- 
- ponerits^cbm'par^d'to some of the other diVcuits of FIG- 
' URE 8, a value of 47 nF'carrbe use&'fdr' 'C\ this value, 

while' somewhat arbitrary/ is4fie largest value that is con- 

veh'ie'htly^avaiia^le'in asmaVfpackage. The vafue of L is 
' "icafculated'-ifi resoriate : with^C at trVe%fc?bptibne reso- 
Cf harteebr^^ for L. 

: r T^eft i5J^ desired 

frequent n£ v and 
L the value ofb^is'^S^nF: ^ 1 "---^ c ' : *~ " ° l 

-[0050] fh'somef applications/the '1 6'mH ihquctor and/" _ 1. c Jfe device of Claim J, ; f urjher com prying a shifting 

the 433 nF capacitor may be c'onsideted'too 1 large. An" / " ' ' °. circuit responsive to the output of at teas tone of the 
*"" alternative wbuld be tb use circuit'2 of FIG URE.^ , wh ich/7 microphone. outputs haying a resonance .frequency 
; efim in ates th'e 1 larger ^'capacitor But this circuit n^ 

second -iriductor whose value is appfbx^imately 1.6 'mH. 
"' Accbrdihgtyin arV erhbodlmerft,' 1 fs ft "preferred 'that the ' ^ 
: functionality of the compensation ^c ire uiti' of ^ 6 ' '] ^ i 

be implemented iising "synthetic indtfctoYs! Tftis trades^ ^. 
3 more' practica T reiact ive component va I lies f or addit iona I ". 30 
^active components.; _ • - f - 

[bd5i] 1 ln r ari alternative "em fre : ^ 
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The devjqe pf Claim 3, further comprising an RMS 
detector operably. .connected bet ween, the band- 
pass filter, and tr^e^wpass flft'er. ,> 

The device of Claim 1 , further comprising a hearing 
aid housing operably attached to the first and sec- 
ond, microphones. 

The device of Claim 1, further comprising a shifting 
circuit responsive to the output of at least one of the 
microp^hqQ.e outputs haying a low frequency rolloff 
that is shifted by thejshifting circuit./,. , , . 



Jhat is shifted. by the shifting circuity, 
A device for. receiving an audible input .comprising: 



r r a h^arjr^g aid v housir|g;. . . - ; ?v " 
^ a^firsf . microphone operably attached to the 
( J" t he^rjog ajd housing and haying an, output re- 
lV , w spohsive.tp the audible. input; .- , Vjr 
^ Ja second micrppripne pperably attached to the 
''bearing aid. housing ancJ haying rjan^putput re- 

"'bahd'that tsimpbrtant for^dire^tibnali^ff |esonance„ ' j^S V~ ^ * ,/spbnsive to the audible inputs : 3: , 

freq6enc^Vihcreasec1 tb the Vlclnrty \a Phase adjustment circuit' responsive to the 

first, rrucrppb ope output and aArqlibff, control out- 



quehcy performance is improved by us i rig a microphone ~ 
with a resonance frequency that is' abpfelHe frequency 



0 kHz. . 



then good directionality js available.to..at le^ 

XC3652] s:v 'Wrtiie trie specific "emBbcTir^eh^ il-^'^",^.^ "put 'fpri^bducing a cpmpensateci r micrpphone 



lustrated'and describWrhu]nrifero^s ! fe come 
^brnind'wFthbBt'feignific^^^^ de^artiri^'from^^ of 
the' jnvehTion : a'nd tfte sebfi^ limited 
by the sco"pe~oflhe : kdcompahying~ Clairns^ ' 



40 



output;, and 



Claims 



ii' iC. l 



a subtractor circuit responsive to the compen- 
Mi.- ^^e." 1 ^^?!?^©. output .and 5: the^ second mi- 
— "drbphbhe" "output for geneTatrn'^'tFelSlibff con- 
: ,.,; v ., t JroLputput.. ^ -.erii 



1 > ' A'device 'for teceiving'aYi. l jaudfele' inpOtcbmprising: '.^ 

■' r '- ; a^first micrbphone hayirig an output responsive 
to the^audible input;* ^ " ' \^ '[ 
a second microphone having an output /espon- 
: or ^ *: QjvS^io the audible input; . 
b c • a subtractor circu'ft relipbnswe to the first micro- ^ 
* * phone butput and^th^ secohcJ microphone out- J 
' ? ' puVfdr producing a^gain'cohtrbl output j. and . 
' " ■ ' " " : a c ire u it re^pbn s ive tdtne'f i rst' rh ic rophone out- 
~ " nput and the gain control output for producing a 
' * ■ ' gain compensated microphone output. . 



so 



55 



. The, deyic^.of,Qlafrp r 8, further corn pris in g;.a band- 
h ga'ss filler operablyponnecteb^^^ subtrac- 
^tb/ci^ 

10 v The deyice of Claim 9, further comprisirjg-a band- 
[ , > .~ pass filter pperably connected. betweer>th%subt rac- 
; tor , circuit and ( the < second microphone .outp ut . 

r " f . J.i k ,f he^deyice.Df .Clairrv T0 ?? f urther c t c^prisin g ^ buffer 
\z\- pppxab^. connected to .the .compensatod^rriicro- 

l^;;| , !ll? n ?:^W- ■ c,. : ' ^, ;.. rl l^J. 

.12... .The gevice,of piairn 11,, furtherrepmprisinxj a buffer 
-V tr , t pperably connected to the secp/id fnprc)phpne out- 
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put. 

13. The device of Claim 8, further comprising a feed- 
back circuit operably connected to the compensat- 
ed microphone output and the phase adjustment 
circuit. 

1 4. The device of Claim 1 3, wherein the said feedback 
circuit includes a capacitor. 

15. The device of Claim 6, wherein the outputs of the 
microphones have a resonance frequency and a cir- 
cuit is operably connected to at least one of the mi- 
crophones for shitting the resonance frequency 
within the output of the microphone. 

16. A device for amplifying an audible input comprising: 

a first microphone having an output responsive 
to the audible input; 

a second microphone having an output respon- 
sive to the audible input; 
a gain difference subtractor circuit responsive 
to the first microphone output and the second 
microphone output for producing a gain control 
output; 

a gain control circuit responsive to the first mi- 
crophone output and the gain control output for 
producing a gain compensated microphone 
output; 

a phase adjustment circuit responsive to the 
gain compensated microphone output and a 
rolioff control output for producing a matching 
output; 

a phase difference subtractor circuit responsive 
to the matching output and the second micro- 
phone output for producing the rolioff control 
output; and 

wherein the outputs of the microphones have a 
resonance frequency and a circuit is operably 
connected to at least one of the microphones 
for shifting the resonance frequency within the 
output of the microphone. 

17. The device of Claim 16, further comprising a band- 
pass filter operably connected between the front mi- 
crophone and the subtractor circuit. 

18. The device of Claim 16, further comprising a band- 
pass filter operably connected between the subtrac- 
tor circuit and the compensated microphone output. 

19. The device of Claim 18, further comprising a band- 
pass filter operably connected between the subtrac- 
ter circuit and the second microphone output. 

20. The device of Claim 16, further comprising a buffer 
operably connected to the compensated micro- 



phone, output.. . . ...... . s ^ ..; . 

21. The device. of Claim i.6,, ( further comprising a buffer 
operably connected to the second microphone out- 

5 put. 

22. The device of Claim 1 6, further comprising a feed- 
back circuit operably connected to the compensat- 
ed microphone output and the phase adjustment 

10 circuit. 

23. The device of Claim 16, wherein said feedback cir- 
cuit includes a capacitor. 

24. The device of Claim 1 6, further comprising a hear- 
ing aid housing operably attached to said first and 
second microphones. 

25. A circuit for shifting the rolioff of a microphone com- 
20 prising: 



an input terminal for receiving an output from 
the microphone; 

an amplifier having an inverting input and an 
output; 

a gain control circuit operably connected be- 
tween the input terminal and the inverting input 
of the amplifier for adjusting the gain of the mi- 
crophone output; and 

a feedback circuit operably connected to the 
output of the amplifier and the inverting input, 
the feedback circuit including a feedback ad- 
justment circuit responsive to a rolioff control 
output. 



25 



30 



35 



40 



45 



SO 



55 



26. The device of Claim 25, wherein said feedback cir- 
cuit includes a capacitor. 

27. A method for matching an audible input comprising: 

producing a first microphone output responsive 
to the audible input; 

producing a second microphone output respon- 
sive to the audible input; 
generating a gain control output in response to 
the difference between the first microphone 
output and the second microphone output; 
producing a gain compensated microphone 
output in response to the first microphone out- 
put and the gain control output; 
producing a matching output in response to the 
compensated microphone output and a rolioff 
control output: and 

generating the rolioff control output in response 
to the difference between the matching output 
and the second microphone output. 

28. The method of claim 27, further including the steps 
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of receiving the output of at least one of the micro- 
phones having a resonance frequency and shifting 
the resonance frequency of the microphone output 



to a predetermined desired frequency. 
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